Abstract: UV and thermal polymerisations of styrene were carried out in the presence of conventional 'iniferters'. The mechanisms of the two methods were investigated and provided new insight into the livingness of the so-called iniferter technique. Chain extension polymerisations were performed using symmetrical iniferters to check the living character of this technique under UV and thermal polymerization conditions. In accordance with the work of Otsu, we have shown that polymerisation under UV irradiation initiated by iniferters proceeds via the classical iniferter living (controlled) mechanism. On the other hand, thermal polymerisations were predominantly controlled by the reversible additionfragmentation chain transfer (RAFT) mechanism.
Introduction
There is ambiguity in the literature concerning the living (controlled) character of iniferters (see Scheme 1) when polymerizations are carried out under UV or thermal conditions. Otsu [1, 2, 3, 4, 5, 6, 7] and others [8, 9] claim that the polymerisation is living under UV irradiation. Clouet and co-workers [10, 11, 12] thoroughly investigated the kinetics of various iniferters during thermal polymerisation reactions, proving that for simple iniferters the molecular weight remains constant with conversion. On the other hand, Antsiferova et al. [13] used similar iniferters (i.e., N,N'-bis(vinyloxyethyl)thiuram disulfide) for the thermal polymerisation of styrene and found that they initiated a living radical polymerisation reaction, visualised by a linear increase of n M with conversion.
In this paper, we will investigate the living (controlled) character in order to obtain an answer to the question raised above. We utilised the following experimental criteria to diagnose the polymerisation behaviour under thermal as well as UV conditions. First, we checked whether, after complete conversion of monomer, the molecular weight was further enhanced upon addition of a new aliquot of monomer. Next, we deter-mined the number average molecular weight, n M , as a function of conversion.
Although we are aware of the fact that more criteria have been used to define the living character of polymerisations, these two parameters are sufficient with respect to our major goals in this study. It should be noted that a linear increase in n M with conversion does not necessitate that living conditions have been met. Such a process may be under living conditions, but is not efficient to produce a linear increase of n M with conversion [14] .
Scheme 1: General scheme of living radical polymerisation with iniferters. Iniferter AB dissociates thermally or photochemically, forming a reactive radical A and a stable radical B (a). A initiates polymerisation (b) and can be deactivated by coupling with B (c). This must be a reversible process to have a living system. Transfer to iniferter (d) and transfer to dormant polymer (e) are other possible reactions that may occur. Besides, as in any free radical process, bimolecular termination takes place (f)
Experimental part

Materials
Styrene (Acros) was distilled under reduced N 2 atmosphere and kept refrigerated until use. 2-(Ethylamino)ethanol, dimethylformamide (DMF), p-xylene and tetraethylthiuram disulfide (TETD, 97%, Aldrich), carbon disulfide (Merck) and iodine (Acros) were used without further purification. Triethylamine (Aldrich) was distilled from MgSO 4 . Chloroform was distilled and dried on molecular sieves. N,N'-Diethyl-N,N'-bis(2-hydroxyethyl)thiuram disulfide (DHTD) was synthesised as described by Nair et al. [15] and was kept in the dark at 5ºC until use.
Thermal polymerisation of styrene involving TETD
In order to obtain an idea on how the conversion and n M evolve during the radical polymerization of styrene, we carried out three polymerisations of styrene at 85ºC under nitrogen atmosphere, using different initiating systems. First, we carried out a polymerisation of styrene using 2,2'-azoisobutyronitrile (AIBN) as the initiator. Secondly, we performed a polymerisation using TETD as the initiating species, and finally, a polymerisation where we used a combination of both AIBN and TETD. The experimental set-up was in all three cases exactly the same. A three-necked flask, containing 10 g of p-xylene as internal standard for gas chromatography (GC), 10 g of styrene and either 0.05 g AIBN or 0.09 g TETD, or the combination of 0.05 AIBN and 0.09 g TETD, was heated at 85ºC under nitrogen atmosphere. Samples for GC analysis (1 µL of reaction mixture was dissolved in 1 mL of tetrahydrofuran (THF)) and size exclusion chromatography (SEC) were taken at several time intervals during the reaction.
Polymerisation of styrene under UV irradiation involving TETD
We dissolved 0.09 g of TETD and 10 g of styrene in 10 g p-xylene (internal standard) in a quartz glass tube. The temperature was kept at room temperature. The polymerisation was performed under nitrogen atmosphere and under irradiation with a UV lamp (Hanovia 679A-36) at a distance of 10 cm. Samples for GC analyses (1 µL of reaction mixture dissolved in 1 mL of THF) and SEC analyses were taken at several time intervals during the reaction. For SEC analyses, the samples taken from the reaction mixture were precipitated twice into a large excess of methanol, the first time from DMF solution and the second time from chloroform solution.
Chain extension polymerisations involving DHTD, under UV and thermal polymerisation conditions
The α,ω-dihydroxy-terminated iniferter, N,N'-diethyl-N,N'-bis(2-hydroxyethyl)thiuram disulfide (DHTD), was synthesised and characterised as described in ref. [15] . The freshly synthesised DHTD was immediately used for polymerisation of styrene. 0.34 mol (35 g) of styrene and 25 mmol of DHTD dissolved in 30 mL of DMF were deaerated by several cycles of freezing and thawing, and then were sealed in a glass tube in vacuo. Thermal polymerisation was allowed to proceed for 72 h at 70ºC. The generated polymer was precipitated in methanol, and its molecular weight was determined by SEC/DV with universal calibration. A subsequent chain polymerization experiment was performed, also under thermal polymerization conditions, using the isolated and precipitated DHTD-initiated PS as a macro-initiator. Hereto, 4 g of the DHTD-based PS was dissolved in 25 mL of DMF and 4 g of freshly distilled styrene. Again, the mixture was heated for 72 h at 70ºC, after which the resulting polymer was precipitated and subjected to SEC/DV analysis.
For the UV-initiated polymerizations, similar mixtures as for the thermal polymerisations were applied. So, 0.34 mol (35 g) of styrene and 25 mmol of DHTD dissolved in 30 mL of DMF were deaerated by several cycles of freezing and thawing, and then were sealed in a quartz glass tube in vacuo. Polymerisation was allowed to proceed for 20 h at room temperature, using the earlier mentioned Hanovia 679A-36 UV lamp at a distance of 10 cm of the quartz tube. The resulting PS was precipitated in methanol, and subjected to SEC/DV analysis with universal calibration. Subse-quently, this UV-initiated PS was used as a macro-initiator under UV irradiation. So, 2 g of the DHTD-based, UV-polymerised PS was dissolved in 25 mL of DMF and 4 g of freshly distilled styrene in a deaerated quartz tube, after which the earlier mentioned UV polymerisation conditions (20 h, 20ºC) were applied once more. The resulting PS was characterised with SEC/DV with universal calibration.
Determination of the functionality of the PS telechelics end-capped with OH groups
The determination of the number of hydroxy groups per gram of telechelic polymer was carried out by means of a potentiometric titration in a non-watery environment. The acetic acid, formed after reaction of an amount of OH-terminated polymer with an amount of acetic acid anhydride, was titrated with a tetrabutylammonium hydroxide solution with a known concentration. The potential of the solution was registered with a glass electrode referenced against an Ag/AgCl reference electrode.
In order to determine the absolute molecular weight of the telechelic polymers we used a Knauer (A028) Vapour Pressure Osmometer (VPO). The functionality was then calculated from the obtained n M value and the measured number of OH groups per gram of telechelic polymer.
Instruments
SEC was carried out using THF as an eluent at a flow rate of 1 mL·min -1 . Two Polymer Laboratories PLgel 5 µm Mixed-C columns (300 x 7.5 mm) and PLgel 5 µm guard column (50 x 7.5 mm) were used and calibrated with Polymer Laboratories narrow molecular weight distribution (MWD) polystyrene standards. The MarkHouwink parameters used in universal calibration are: K styrene = 1.14 · 10 -4 dL·g -1 , a styrene = 0.716 [16] .
The monomer conversion was determined by gas chromatography using a HP 5890 gas chromatograph equipped with an AT Wax column (Alltech, length 30 m, film thickness 1.0 µm) and an autosampler.
Results and discussion
Chain extension with DHTD
Triggered by contradictory papers in the literature, we first tested whether the iniferter technique is really living, after having synthesised polystyrene (PS) under thermal polymerisation conditions. That is, styrene was polymerized at 70ºC in the presence of N,N'-diethyl-N,N'-bis(2-hydroxyethyl)thiuram disulfide (DHTD) iniferter [17] . The obtained PS was purified by precipitation and washing, and we found n M = 16 500 and w M = 25 500 g/mol. It is also assumed that these PS chains have thiuram sulfide groups on both chain ends. The chain extension polymerisation was carried out using 4 g of purified PS dissolved in 25 mL of DMF and 4 g of styrene monomer. The polymerisation conditions were the same as those to prepare the purified PS (i.e., 70ºC). The molecular weight of the resulting polymer was determined by SEC/DV, n M = 15 900 and w M = 24 500 g/mol. A functionality of two was affirmed by deter-mining the PS telechelics (end-capped with hydroxy groups) with end group titration and vapour pressure osmometry.
Since there is no significant increase in molecular weight, it suggests that at first sight these iniferter groups show no living character under normal thermal conditions, which is in sharp contrast to observations reported before [13] . However, it should be noted here that conversion was not monitored and, as such, other effects such as inhibition or retardation could be major factors leading to this conclusion.
The UV polymerisation was carried out by dissolving 2 g of a PS based iniferter, which had been synthesised with UV initiation ( The results show a strong indication that the iniferter based polymerisations are living if performed under UV irradiation, which is in agreement with the model proposed by Otsu [5] . If the polymer obtained by radical polymerisation using iniferters still has an iniferter function, this radical polymerisation is expected to proceed via a 'living' radical mechanism under UV irradiation. Thus, only a photochemical cleavage of the C-S bond in the dithiocarbamyl group will result in a reversible system for controlling the photopolymerisation of a vinyl monomer, in which the molecular weight of the resulting polymer increases with reaction time and conversion [6, 10, 18, 19] .
Polymerisations with a TETD as a model compound
TETD was used as a model compound to discern the different mechanisms found between UV and thermal polymerisations. Using TETD, conversion and molecular weight distributions could be easily obtained without the complexities of other polymeric species (i.e. polymeric iniferters).
The evolution of n M and conversion with time were monitored for the radical polymerisations of styrene at 85ºC using three different initiating systems. First, a polymerisation of styrene using AIBN as the initiator was carried out as the control. Secondly, we performed a polymerisation using TETD (tetraethylthiuram disulfide) as the initiating system, and finally a polymerisation using a combination of both AIBN and TETD. This last experiment was carried out because of its similarity with a RAFT polymerisation [20] . For all the reactions, the monomer conversion was followed by GC and n M was determined by GPC.
In Fig. 1 the evolution of conversion vs. time is shown. It is obvious that the iniferter (TETD) initiated thermal polymerisation (♦) proceeds much slower than either the AIBN-only initiated or AIBN/TETD initiated reactions. This suggests that TETD undergoes slow thermal decomposition to give polymer.
In Fig. 2 it can clearly be seen that n M does not increase linearly with conversion when TETD is used as a thermal initiator, but decreases as a function of conversion (maximum conversion reached for this experiment is 14%). This behaviour is in accordance with the known reversible addition-fragmentation chain transfer (RAFT) process, in which the RAFT agent is inefficient (i.e., the chain transfer constant is close to unity). This is supported with chain transfer constants of polystyrene radicals with a similar iniferter, namely tetramethylthiuram disulfide (TMTD), being 0.620 at 80ºC and 0.780 at 95ºC [21] . It was also found that the combination of TETD and AIBN did not result in a linear increase of n M with conversion as can be seen in Fig. 3 . The results for thermal polymerisations show that the polymerisations are dominated by transfer, since polydispersity is close to 2. In essence, the mechanism for thermal polymerisations resembles RAFT polymerisations carried out with RAFT agents inefficient for styrene (e.g., xanthates [14] with C tr close to 1). That is, polymeric radicals, formed from the decomposition of AIBN, will add preferentially to the S=C moiety that can then undergo a reversible addition-fragmentation chain transfer process [20] . The reason is that AIBN will decompose much faster than TETD under thermal conditions, resulting in polymeric radicals adding to the S=C moiety on the TETD. These incipient radicals then undergo β-fragmentation to form a dormant chain (with a S=C attached to the chain-end) and a radical. These results show that under thermal conditions the polymerisation of styrene in the presence of TETD is a living process (i.e. RAFT, cf. Scheme 2). In contrast to the experiments carried out under thermal conditions, the polymerisation under UV irradiation with TETD at room temperature led to a linear increase of n M with monomer conversion (see Fig. 4 ). It is also found that the evolution of conversion is linear (Fig. 5) , suggesting that a constant radical flux is being maintained. Therefore, in combination with the chain extension experiments described previously, there is a very strong indication that styrene polymerisation initiated with dithiocarbamate iniferters is living under UV irradiation. This mechanism is very different from that carried out under thermal conditions. Here UV breaks the labile S-C bond in a reversible process, such that monomer can add in between cycles where -S and -C are radicals. This is what is considered to be the classical 'iniferter' mechanism.
Conclusions
In accordance with the work of Otsu, we have shown that polymerisation reactions initiated by iniferters under UV irradiation proceed via the classical 'iniferter' living (controlled) mechanism. This was demonstrated by a linear increase in n M with conversion and an increase in molecular weight after complete conversion when extra monomer was added (i.e. the polymer chains could be chain extended). In thermal experiments, the molecular weight remained constant if similar chain extension polymerisations were performed, but it should be noted that conversion was not monitored and that polymerisation could not have taken place, since the rate of polymerisation for TETD was shown to be very slow. Using TETD as the 'iniferter' strongly supported the postulate that thermal polymerisations are governed by the RAFT mechanism. n M was constant with conversion, which is reasonable since the RAFT moiety at the chain-end has a low chain transfer constant.
The main conclusions from this work are that UV irradiation results in a living (controlled) radical polymerisation due to the breaking of S-C bonds, whereas under thermal conditions the polymerisation is predominantly controlled by the RAFT mechanism. 
